Recent evidence suggests that the hypocretin-orexin system participates in the regulation of reinforcement processes. The current studies examined the extent to which hypocretin neurotransmission regulates behavioral and neurochemical responses to cocaine, and behavioral responses to food reinforcement. These studies used a combination of fixed ratio, discrete trials, progressive ratio and threshold self-administration procedures to assess whether the hypocretin 1 receptor antagonist, SB-334867, reduces cocaine selfadministration in rats. Progressive ratio sucrose self-administration procedures were also used to assess the extent to which SB-334867 reduces responding to a natural reinforcer in food-restricted and food-sated rats. Additionally, these studies used microdialysis and in vivo voltammetry in rats to examine whether SB-334867 attenuates the effects of cocaine on dopamine signaling within the nucleus accumbens core. Furthermore, in vitro voltammetry was used to examine whether hypocretin knockout mice display attenuated dopamine responses to cocaine. Results indicate that when SB-334867 was administered peripherally or within the ventral tegmental area, it reduced the motivation to self-administer cocaine and attenuated cocaine-induced enhancement of dopamine signaling. SB-334867 also reduced the motivation to self-administer sucrose in food-sated but not food-restricted rats. Finally, hypocretin knockout mice displayed altered baseline dopamine signaling and reduced dopamine responses to cocaine. Combined, these studies suggest that hypocretin neurotransmission participates in reinforcement processes, likely through modulation of the mesolimbic dopamine system. Additionally, the current observations suggest that the hypocretin system may provide a target for pharmacotherapies to treat cocaine addiction.
Introduction
The hypocretin-orexin (HCRT) system consists of the HCRT-1 and HCRT-2 peptides, which bind to two receptor subtypes (HCRT1 and HCRT2 receptors). Extensive evidence indicates that the HCRTs regulate arousal-related processes, including sleep-wake function and locomotor activity (Hagan et al., 1999; Bourgin et al., 2000; Piper et al., 2000; España et al., 2001 España et al., , 2002 . Recently, this peptide system has also been implicated in the regulation of reinforcement processes. For example, the HCRT1 receptor antagonist SB-334867 blocks conditioned place preference (CPP) for morphine and cue-and stressinduced reinstatement of ethanol-and cocaine-seeking (Boutrel et al., 2005; Harris et al., 2005; Lawrence et al., 2006; Richards et al., 2008; Aston-Jones et al., 2009; Smith et al., 2009) . Additionally, SB-334867 blocks behavioral sensitization to cocaine and associated changes in synaptic plasticity (Borgland et al., 2006) . Consistent with this, HCRT knockout (KO) mice show reduced morphine dependence and display a decreased dopamine (DA) response to morphine (Georgescu et al., 2003; Narita et al., 2006) . This latter observation suggests the possibility that HCRT regulation of reinforcement processing may involve actions on mesolimbic DA systems. Indeed, HCRT neurons innervate the ventral tegmental area (VTA) as well as the nucleus accumbens (NAc), where HCRT receptors are found (Peyron et al., 1998; Marcus et al., 2001; Fadel & Deutch, 2002) . Furthermore, HCRT induces burst firing and potentiates glutamate-mediated excitatory drive of DA neurons (Korotkova et al., 2003; Borgland et al., 2006) . Finally, HCRT-1 infusions into the VTA elicit DA release in the NAc and induce CPP (Narita et al., 2006 (Narita et al., , 2007 , although a lack of HCRT-1 effects in the NAc core has also been reported (Vittoz & Berridge, 2006; Vittoz et al., 2008) .
Recent data demonstrate that SB-334867 alters cocaine selfadministration, although the effect appears to depend on the schedule of reinforcement employed. For example, SB-334867 has been shown to reduce cocaine-reinforced responding under a progressive ratio (PR) schedule (Borgland et al., 2009) but does not affect the rate of cocaine consumption under a fixed ratio (FR) schedule (Aston- . These data suggest that HCRT signaling exerts differential effects on the mechanisms that control the motivation to self-administer cocaine vs. those that regulate drug intake. To further examine the extent to which HCRT signaling regulates reinforcement processing, the effects of intraperitoneal (i.p.) and ⁄ or intra-VTA SB-334867 were tested across a battery of self-administration protocols that model varying aspects of reinforcement. Rats were tested under an FR, discrete trials (DT), PR or threshold self-administration procedure to assess whether SB-334867 reduces cocaine consumption and ⁄ or the motivation to self-administer cocaine. The effects of SB-334867 were also tested on sucrose self-administration in both food-sated and foodrestricted rats, to assess whether the HCRT system modulates responding to a natural reinforcer across varying satiety states. Additionally, microdialysis and in vivo voltammetry were used to examine whether SB-334867 attenuates the effects of cocaine on DA signaling within the NAc core. Finally, in vitro voltammetry was used to examine whether HCRT KO mice display disrupted DA responses to cocaine.
Materials and methods

Animals
Male Sprague-Dawley rats (375-450 g, Charles River, Wilmington, MA, USA), or homozygous HCRT KO and wild-type (WT) mice (male or female), had ad libitum access to food and water, and were kept on a reverse 12:12-h light ⁄ dark cycle (lights on at 15:00 h), unless otherwise noted. HCRT KO and WT mice were created on a C57BL ⁄ 6J-129 ⁄ SvEV background and then backcrossed with C57BL ⁄ 6J mice for more than 10 generations (Chemelli et al., 1999) . Mice were genotyped using polymerase chain reaction with a neo primer, 5¢-CCGCTATCAGGACATAGCGTTGGC-3¢, or a genomic primer, 5¢-GACGACGGCCTCAGACTTCTTGGG-3¢, and a genomic primer, 3¢-TCACCCCCTTGGGAT AGCCCTTCC-5¢, common to KO and WT mice. All protocols and animal care procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 80-23, revised 1996) , and approved by the Institutional Animal Care and Use Committee at Wake Forest University Health Sciences.
Surgery
Rats used for self-administration experiments were anesthetized using ketamine (100 mg ⁄ kg) and xylazine (10 mg ⁄ kg), and implanted with an intravenous (i.v.) Silastic catheter (CamCaths, Cambridge, UK) placed into the right jugular vein. Rats received post-surgical antibiotic (Neosporin; Wellcome Medical, Quebec, Canada) and analgesic (5 mg ⁄ kg; ketoprofen; Webster Veterinary, Sterling, MA, USA), and recovered for 3 days prior to training. Self-administration rats that received injections of SB-334867 into the VTA were also implanted with guide cannulae (Plastics One, Roanoke, VA, USA) aimed 4 mm dorsal to the VTA (+5.3 mm posterior, ±2.0 mm lateral, )3.5 mm ventral; 8°from vertical).
Rats used for microdialysis experiments were anesthetized identically and then placed in a stereotaxic apparatus. Concentric microdialysis probes (membrane length, 2 mm; CMA ⁄ Microdialysis, Stockholm, Sweden) were implanted into the NAc core ()1.6 mm anterior, +1.6 mm lateral, )6.1 mm ventral) via a guide cannula (CMA ⁄ Microdialysis). Microdialysis rats that received injections of SB-334867 into the VTA were also implanted with guide cannulae aimed at the VTA (see above). Rats received post-surgical analgesic (Buprenex, 0.05 mg ⁄ kg; Rickitt and Colman, Richmond, VA, USA), and recovered for 48 h prior to testing. Microdialysis probes were inserted approximately 16 h prior to the beginning of sample collection.
Rats used for the voltammetry experiments were anesthetized with 1.5 g ⁄ kg i.p. urethane, and implanted with a jugular catheter. Rats were placed in a stereotaxic apparatus and implanted with a bipolar stimulating electrode affixed to a 26-gauge guide cannula (Plastics One) aimed at the VTA (+5.3 mm posterior, +1.0 mm lateral, )7.2 to )7.6 mm ventral). Stimulator leads were separated by 1.0 mm, and the cannula tip ended 2.0 mm dorsal to the leads. A carbon fiber microelectrode was implanted within the core of the NAc ()1.3 mm anterior, +1.3 mm lateral, )6.5 to )7.0 mm ventral), and a reference electrode was implanted in the contralateral cortex ()2.5 mm anterior, )2.5 mm lateral, )2.0 mm ventral).
Self-administration
Cocaine self-administration procedures have been described previously (Roberts & Goeders, 1989; McGregor et al., 1996; Roberts et al., 2002) . Rats were individually housed and trained to selfadminister cocaine on an FR schedule in which single lever responses resulted in single cocaine injections. Intravenous catheters were connected through a stainless steel spring to a counterbalanced swivel (Instech Laboratories, Plymouth Meeting, PA, USA). Lever responses resulted in delivery of 0.75 mg ⁄ kg cocaine (in saline; National Institute on Drug Abuse) over a 5-s period followed by a 20-s time-out period. FR training sessions were terminated after 20 injections. Once stable patterns of cocaine self-administration were reached (2-4 days), rats were switched to other self-administration schedules for additional training and SB-334867 testing. All rats were tested during the dark ⁄ activity phase of the light ⁄ dark cycle.
The FR schedule is known to engender stable rates of cocainereinforced responding, and thus it is often the initial self-administration approach to investigate the effects of a pharmacological treatment (LeSage et al., 1999) . In the current experiments, rats were given 3-h access to cocaine-associated levers, an access condition that does not significantly alter the rate of cocaine intake over multiple days of selfadministration (Wee et al., 2007) . On experimental days, rats were treated with i.p. vehicle [10% b-cyclodextrin +4% dimethylsulfoxide (DMSO) in distilled H 2 O] or 30 mg ⁄ kg SB-334867 (in vehicle; Tocris Bioscience, Ellisville, MO, USA) 30 min prior to the beginning of the FR session (09:30 h). This dose of SB-334867 has previously been used to successfully block reinstatement of cocaine-seeking (Boutrel et al., 2005) and CPP for morphine (Harris et al., 2005) . Rats were randomly assigned to receive either vehicle or SB-334867 in the first experimental session, and then received the opposite treatment on the following testing day, with a minimum of 2 days between treatments.
The DT procedure used in these studies is an extension of an FR schedule that allows 24-h access to cocaine but limits the number of injections that an animal can receive each hour. Although this protocol involves low effort to obtain single cocaine injections, it does not allow the animal to titrate to preferred blood levels of cocaine. This degree of cocaine intake engenders a pattern of responding in which rats self-administer cocaine almost exclusively during the active ⁄ dark phase of the light ⁄ dark cycle ( Fig. 1A and C) (Brebner et al., 1999; Roberts et al., 2002) . Under this DT schedule, rats had the opportunity to self-administer cocaine during 10-min trials initiated at 20-min intervals (three trials per hour, 24 h ⁄ day). Trials began with the presentation of a cocaine-associated lever, and were terminated when the rat depressed the lever, or after a 10-min time-out period. Lever responses triggered delivery of 1.5 mg ⁄ kg cocaine. DT sessions continued for 2-3 days until stable patterns of self-administration were obtained. On experimental days, rats were treated with i.p. vehicle or 7.5, 15 or 30 mg ⁄ kg SB-334867 at 11:30 h. This time was chosen on the basis of previous observations (Brebner et al., 1999; Roberts et al., 2002) , indicating that rats display high rates of cocaine intake between 10:00 h and 15:00 h ( Fig. 1A and C ). Rats were treated with vehicle and each dose of SB-334867 using a Latin-square design, with a minimum of 2 days between treatments.
The PR schedule is useful for assessing the reinforcing efficacy of cocaine. Rats were given access to a response lever at 10:00 h, and single cocaine injections were contingent upon an increasing number of responses: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, and 603 (Richardson & Roberts, 1996) . When the required number of responses was made, a single 0.75 mg ⁄ kg cocaine injection was delivered. The self-administration session was terminated after 6 h, and the number of injections taken before a 1-h time period elapsed with no further injections taken was defined as the 'breakpoint'.
For experiments involving i.p. injections, rats were treated with vehicle or 7.5, 15 or 30 mg ⁄ kg SB-334867 30 min prior to the beginning of the PR session (09:30 h). Rats were treated with vehicle and each dose of SB-334867 using a Latin-square design, with a minimum of 2 days between treatments.
For experiments involving intra-VTA infusions, rats were treated either unilaterally or bilaterally with 250 nL (100 nL ⁄ min) of vehicle or SB-334867 into the VTA 30 min prior to the beginning of the PR session (09:30 h). Briefly, 33-gauge infusion needles that extended 4.0 mm beyond the cannulae tips (Plastics One) were loaded with vehicle (DMSO) or 10 nmol SB-334867 (in vehicle) and then inserted into the guide cannulae. Similar doses of SB-334867 have previously been shown to reduce locomotor sensitization to cocaine (Borgland et al., 2006) , CPP for morphine (Narita et al., 2006) , and nicotine selfadministration (Hollander et al., 2008) . Furthermore, DMSO has been shown to be an acceptable vehicle for central injections, and does not result in apparent damage to neural tissue ( Fig. S1) (Blevins et al., 2002) . Infusions were performed using a microprocessor-controlled infusion pump (Harvard Apparatus, South Natick, MA, USA), and following completion of the infusion, needles were removed. Rats were randomly assigned to receive either vehicle or SB-334867 in the first experimental session, and then received the opposite treatment on the following testing day, with a minimum of 2 days between treatments.
To examine the effects of SB-334867 on responding to a natural reinforcer, food-sated and food-restricted rats were tested on a PR sucrose self-administration schedule. During the first 2 days of training on an FR schedule, all rats were food-restricted (food deprivation for 21 h per day). Rats had daily access to sucrose (45-mg sucrose pellets; Research Diets Inc., Brunswick, NJ, USA) during the 2-h session, and this was followed by free access to regular rat chow for 1 h. All rats acquired the task (> 50 pellets over 1 h) within the first 2 days of training, and were subsequently switched to a PR selfadministration procedure for testing with SB-334867. At this point, rats in the food-sated group were switched to ad libitum access to rat chow in their home cage, with no further manipulations of their food intake other than the sucrose self-administration procedure. Rats in the food-restricted group continued on the food restriction protocol for the remainder of the study. These rats consumed 8-10 g of food (45-50% of free access food consumption) during the 1-h feeding period, and their average weight was 90% (range, 86.5-94.5%) of ad libitum weight measured immediately prior to the beginning of food restriction. Rats in the food-sated group gained an average of 8% body weight over the course of the study.
The sucrose PR session was identical to that described above for cocaine self-administration, except that rats were tested for 2 h rather than 6 h. This length of testing was selected on the basis of pilot studies indicating that > 90% of food intake occurred within the first 2 h of a 6-h session. Once stable patterns of self-administration were reached on the PR schedule, rats were randomly assigned to receive either vehicle or 30 mg ⁄ kg SB-334867 (09:30 h) in the first experimental session, and then received the opposite treatment on the following testing day, with a minimum of 2 days between treatments.
A novel self-administration procedure has been developed that is designed to assess the reinforcing threshold of cocaine. It is an adaptation of a previous threshold protocol that used multiple days of testing (Zittel-Lazarini et al., 2007; Oleson & Roberts, 2009 ). In the current paradigm, rats were tested on an FR schedule across a descending series of cocaine doses within a single session. This within-session threshold procedure is useful for determining the dose of cocaine that is minimally effective in supporting self-administration behavior, and provides information concerning both consumption and maximal unit price (P max ), a behavioral economic index of price (see Fig. 3 ). Rats were trained on an FR schedule, as described above, and then switched to the threshold procedure when stable responding rates were obtained. Under the threshold procedure, individual lever (C) The mean probabilities of responding for cocaine over a 48-h period. The gray shaded area depicts the 24 h prior to receiving drug treatment, and thus reflects cocaine responding under baseline (BL) conditions. The unshaded area shows the 24-h period during which rats received either vehicle or 30 mg ⁄ kg SB-334867. The black arrow indicates the time of injection (11:30 h). Alternating bars on the x-axis denote the dark phase (black: 03:00 h to 15:00 h) and light phase (white: 15:00 h to 03:00 h). *P < 0.05 and **P < 0.01 relative to baseline. responses resulted in delivery of a dose that decreased every 10 min. The dose of cocaine was varied by manipulating the volume of drug delivery (duration of injection) while maintaining a constant drug concentration. Injection durations were reduced on a quarter-log scale as follows: 3162, 1780, 1000, 562, 316, 188, 100, 56, 31, 18 and 10 ms. The calculated unit dose equivalents (5 mg ⁄ mL · 1.6 mL ⁄ min · pump duration) were 422, 237, 133, 75, 42, 25, 13, 7.5, 4 .1, 2.4 and 1.3 lg per infusion (see Fig. 3D ); these are associated with doses of 1120, 630, 350, 200, 110, 60, 30, 20, 10, 5 and 3 lg ⁄ kg per infusion for a rat weighing 375 g. On experimental days, rats were treated with vehicle or 7.5, 15 or 30 mg ⁄ kg SB-334867 30 min prior to the beginning of the threshold session (09:30 h). Rats were treated with vehicle and each dose of SB-334867 using a Latin-square design, with a minimum of 2 days between treatments.
Microdialysis
Microdialysis probes were perfused (0.8 lL ⁄ min) with sterile artificial cerebrospinal fluid (148 mm NaCl; 2.7 mm KCl; 1.2 mm CaCl 2 ; 0.85 mm MgCl 2 ; pH 7.4). Samples were collected every 20 min and analyzed for DA by high-performance liquid chromatography (HPLC) and electrochemical detection (BAS, West Lafayette, IN, USA). At least six baseline samples were collected, and this was followed by either an i.p. injection of vehicle or 30 mg ⁄ kg SB-334867, or an intra-VTA infusion of vehicle or 10 nmol SB-334867. Forty minutes after injections ⁄ infusions, animals received a single i.p. injection of 10 mg ⁄ kg cocaine. These studies used single i.p cocaine injections to better compare the current findings with those obtained from an extensive microdialysis literature using i.p. cocaine delivery as the standard administration route. Dialysate samples were subsequently collected every 20 min for 2 h. To account for the time required for analytes to exit sampling lines, data were shifted accordingly (20-min shift).
HPLC
The HPLC (Bianalytical Systems, Mt Vernon, IN, USA) apparatus consisted of a syringe pump, a glassy carbon working electrode, a reference electrode, and an electrochemical detector. A 2 · 50 mm (3-lm particle) reverse-phase column (Luna-Phenomenex, Torrance, CA, USA) was used to separate compounds. The applied potential was +650 mV as referenced to an Ag ⁄ AgCl electrode. The mobile phase [75 mm NaH 2 PO 4 , 1.7 mm 1-octanesulfonic acid sodium salt, 100 lL ⁄ L triethylamine, 25 lm EDTA, 10% acetonitrile (v ⁄ v), pH 3.0] was pumped at a rate of 170 lL ⁄ min, with a detection limit for DA of 10 pm. DA quantification was achieved by comparing samples with DA standards of known concentration.
In vivo voltammetry
Voltammetry studies were conducted to provide a detailed examination of pharmacologically induced changes in DA release and uptake following intra-VTA SB-334867 treatment. Urethane-anesthetized rats were used to avoid potential interference from behavioral factors and to avoid the alterations in DA uptake kinetics that can occur when using other anesthetics (Greco & Garris, 2003) . Importantly, the effects of DA uptake inhibitors, such as cocaine, are similar in both freely moving and urethane-anesthetized rats (Greco & Garris, 2003; Wightman et al., 2007) . Following surgery, a stimulating electrode was lowered into the VTA, and the carbon fiber electrode was initially lowered into the caudate putamen ()1.3 anterior, +1.3 lateral, )4.5 ventral), until a 1-s, 60-Hz monophasic (2 ms; 120 lA) stimulation train elicited a robust DA signal. The caudate putamen displays higher levels of DA release and faster uptake (4 lm) than the NAc core (2.5 lm) (Kuczenski et al., 1991; Jones et al., 1995; Wu et al., 2001) , and thus it is a useful region for maximizing recording conditions. Once stimulator and carbon fiber electrode locations achieved adequate levels of release in the caudate putamen, the carbon fiber electrode was lowered 2-2.5 mm further into the NAc core, which yields lower DA release levels and slower DA uptake. Once stable baselines were established in the NAc core, a 33-gauge infusion needle (Plastics One) containing vehicle (DMSO) or 10 nmol SB-334867 (in vehicle) was inserted into the guide cannula. Infusion needles extended 2.0 mm beyond the cannula tip to the same dorsal ⁄ ventral location as the stimulator leads. After a minimum of 10 min, a 250-nL infusion was made over 2.5 min (100 nL ⁄ min), using an infusion pump (Harvard Apparatus). Intravenous cocaine injections (1.5 mg ⁄ kg) were administered as an experimenterdelivered, 2-s, 200-lL bolus, 40 min after infusions of vehicle or SB-334867.
Given the high temporal resolution obtained with voltammetry techniques, the current studies used i.v. cocaine injections to examine the rapid temporal profile of SB-334867 effects on baseline and cocaine-induced alterations in DA signaling. Cocaine was delivered 40 min following SB-334867, on the basis of preliminary data indicating that SB-334867 consistently reduced levels of stimulated DA release within this time frame ( Fig. 6A ). Electrically stimulated DA response parameters were acquired 30 s after cocaine injection and every 5 min thereafter.
In vitro voltammetry
Mice were killed by decapitation, and their brains were rapidly removed and prepared as previously described (John & Jones, 2007) . Coronal slices (400 lm) of the striatum were maintained at room temperature in oxygenated (95% O 2 ⁄ 5% CO 2 ) artificial cerebrospinal fluid, consisting of 126 mm NaCl, 25 mm NaHCO3, 11 mm d-glucose, 2.5 mm KCl, 2.4 mm CaCl 2 , 1.2 mm MgCl 2 , 1.2 mm NaH2PO 4 , and 0.4 mm l-ascorbic acid (pH adjusted to 7.4). A carbon fiber microelectrode was positioned 75 lm below the surface of the slice in the NAc core. DA release was evoked every 5 min by a 4-ms, one-pulse stimulation (monophasic, 120 lA) from a bipolar stimulating electrode (Plastics One) placed 100-200 lm from the carbon fiber microelectrode. Drugs were applied by superfusion (1 mL ⁄ min), using cumulative increases in concentration (Jones et al., 1995; John & Jones, 2007) .
Data acquisition
The electrode potential was linearly scanned from )0.4 to 1.2 V and back to )0.4 V vs. Ag ⁄ AgCl. Cyclic voltammograms were recorded at the carbon fiber electrode every 100 ms, using a scan rate of 400 V ⁄ s, by means of a voltammeter ⁄ amperometer (Chem-Clamp; Dagan Corporation, Minneapolis, MN, USA). The magnitude of electrically evoked DA release and transporter-mediated uptake kinetics, including maximal uptake rate (V max ) and apparent affinity of endogenous DA (K m ), were monitored. Extracellular concentrations of DA were assessed by comparing the current at the peak oxidation potential for DA in consecutive voltammograms with electrode calibrations of known concentrations of DA (1-10 lm). DA overflow curves were fitted to a Michaelis-Menten-based kinetic model (Wu et al., 2001) , using Labview software (National Instruments, Austin, TX, USA). Changes in uptake and release were obtained by setting baseline levels of K m (prior to any drug treatment) to 0.16 lm and establishing a baseline V max individually for each subject. Following cocaine injection ⁄ application, V max was held constant for the remainder of the experiment, and thus cocaine-induced changes in uptake were attributable to changes in K m .
Histology
Rats were anesthetized with ketamine (100 mg ⁄ kg) and xylazine (10 mg ⁄ kg), and 0.5% Chicago Blue Dye (Sigma-Aldrich Inc., St Louis, MO, USA) was microinjected (250 nL) into the VTA. Rats were perfused transcardially with 60 mL of 0.9% saline followed by 60 mL of 10% formalin (pH 7.0; Sigma-Aldrich Inc.), and brains were removed and cryoprotected in 30% sucrose solution (in 0.01 m phosphate buffer, pH 7.4). Sections were sliced (40 lm) and Nisslstained using neutral red dye to identify the carbon fiber microelectrode ( Fig. 6E ) and microdialysis probe ( Fig. 5C ) locations within the NAc core. To verify microinfusion needle locations within the VTA, sections were Nissl-stained or processed immunohistochemically for tyrosine hydroxylase, a marker of DA neurons (Figs 2D, 5D and 6F; Fig. S1 ).
The carbon fiber portion of the microelectrode is too small (5 lm in diameter and 100 lm in length) to produce damage that is detectable with a light microscope. Nevertheless, the track produced by the glass capillary, which occurs approximately 1 mm dorsal to the carbon fiber, can be readily visualized, and thus it is possible to precisely locate the rostrocaudal and mediolateral location of the electrode. The dorsoventral position of the electrode can be determined on the basis of the known final stereotaxic coordinates to which the electrode was lowered ()6.5 to )7.0 mm ventral), from the relative location of the tract produced by the glass capillary, and from voltammetric data collected during the experiment. Specifically, it is known that the caudate putamen exhibits greater DA release and faster uptake rates than the NAc core, which is located immediately ventral to the caudate putamen (Jones et al., 1995; Wu et al., 2001) . Likewise, the NAc core displays greater DA release and faster uptake rates than the NAc shell, which is located medial and ventral to the NAc core (Jones et al., 1996; España & Jones, 2008) . Thus, on the basis of the unique profile of DA dynamics in each of these striatal structures, it is possible to distinguish recordings of the NAc core vs. the caudate putamen or the NAc shell. Consequently, all voltammetry recordings were initiated in the caudate putamen, and DA dynamics were compared with final recordings made in the NAc core. Therefore, by combining the visual verification of electrode locations obtained using standard histology techniques, the known coordinates to which the electrode was lowered into the brain, and the unique profile of DA dynamics from the final recording location, it was possible to accurately reconstruct the dorsoventral position of the carbon fiber electrode.
For immunohistochemical processing of tyrosine hydroxylase, sections were rinsed with 0.01 m phosphate-buffered saline (PBS) and then incubated for 20 min in a quench solution containing 0.75% hydrogen peroxide, rinsed again, and transferred for 30 min to a blocking solution containing 10% normal goat serum and 0.3% Triton X-100 in 0.01 m PBS. Sections were then rinsed, and incubated for 16 h at room temperature with rabbit anti-rat tyrosine hydroxylase antibody (1 : 20 000; Millipore, Billerica, MA, USA) diluted in 0.01 m PBS. After incubation, tissue was rinsed with 0.01 m PBS, and incubated with biotinylated goat anti-rabbit antibody (1 : 500; ABC kit; Vector Laboratories, Burlingame, CA, USA) for 90 min. Tissue was then rinsed with 0.01 m PBS, exposed for 90 min to an avidinbiotin peroxidase complex (ABC complex; Vector Laboratories), rinsed with 0.01 m PBS, and then stained with Vectastain Blue (Vector Laboratories) to yield a blue-gray precipitate. Sections were mounted on microscope slides (Fisher Scientific, Itasca, IL, USA), air-dried overnight, taken through a graded series of ethanol (50-100%), cleared for 24 h (d-limonene; VWR, West Chester, PA, USA), and coverslipped using DPX mounting medium (BDH Laboratory Supplies, Garden City, NY, USA). Photomicrographs were acquired with an Axiocam HRc digital camera (Carl Zeiss, Inc., Thornwood, NY, USA) connected to a Zeiss Axioplan microscope, adjusted for brightness and contrast using Adobe Photoshop CS4 software, and then labeled using Adobe Illustrator CS4 software.
Data analysis and statistics
Cocaine self-administration Self-administration data for the FR studies were expressed as the rate of cocaine injections taken per hour. For the DT studies, data were expressed as the total number of injections taken during the 6 h following vehicle or SB-334867 treatment. For all PR studies, data were expressed as breakpoints (total number of injections or sucrose pellets taken) and total number of lever responses made during the session. No statistical differences were observed between unilateral and bilateral intra-VTA data for the baseline and vehicle conditions, thus these data were pooled for figure presentation (Fig. 2C ) but not for statistical analyses. For the FR, DT and cocaine and sucrose PR self-administration studies, vehicle and SB-334867 data were compared with the previous 3 days of baseline responding. For the threshold studies, data were expressed as consumption and P max , and reported as percentage change from the preceding 3 days. Consumption was derived by averaging cocaine intake across three time bins (Fig. 3B ). The first 10-min bin was excluded because of the confounding effects of drug 'loading', and the latter bins were excluded because of the confounding effects of price. In this manner, the mean consumption value derived from this data represents the preferred cocaine level to which the animal is titrating, similar to that encountered during an FR session (Fig. 3A) . Unit price values were calculated by dividing the response requirement (one response) by the unit dose (dose of cocaine, which was reduced every 10 min). This produced the following unit-price values: 2. 4, 4.2, 7.5, 13.4, 23.7, 39.9, 75.0, 133.9, 241.9, 416.7, and 750 (Fig. 3B, . P max was defined as the unit price at which maximal responding occurs, and was derived by assessing the apex of the price-response function (Fig. 3B,  filled squares) . It should be noted that P max coincides with the point at which cocaine consumption (Fig. 3B, open circles) changes from being maintained (inelastic demand) to not being maintained (elastic demand).
The effects of SB-334867 on FR and sucrose PR self-administration were assessed using one-way repeated-measures anovas (baseline, vehicle, and 30 mg ⁄ kg SB-334867). Comparisons of baseline responding between the food-sated and food-restricted sucrose PR self-administration experiments were conducted using t-tests. The effects obtained from the DT and cocaine PR (i.p. SB-334867) studies were assessed using one-way repeated-measures anovas (baseline, vehicle, and 7.5, 15 and 30 mg ⁄ kg SB-334867). The effects from the cocaine PR (intra-VTA SB-334867) studies were assessed using separate one-way repeated-measures anovas for each of the unilateral and bilateral experiments (baseline, vehicle, and 10 nmol of SB-334867). Finally, effects from the threshold studies were assessed using one-way repeated-measures anovas (vehicle, and 7.5, 15 and 30 mg ⁄ kg SB-334867). When statistical significance was obtained, simple effect analyses were conducted using individual one-way anovas to examine pairwise comparisons of SB-334867 groups with vehicle or baseline control groups.
Microdialysis
For both the i.p. and intra-VTA microdialysis studies, data were calculated as the percentage change from baseline, with baseline (100%) being defined as the average of three samples that occurred prior to the injection of drug or vehicle. The effects of SB-334867 on cocaine-induced increases in extracellular DA within the NAc core were assessed using a two-way mixed design anova, with drug (vehicle vs. 30 mg ⁄ kg SB-334867) as the between-subjects variable and time as the repeated-measures variable. Simple effect analyses were conducted to compare extracellular DA levels between groups using one-way anovas.
In vivo voltammetry
Stimulated DA release was calculated as the percentage change from baseline, with baseline (100%) being defined as the average of three samples that occurred prior to the injection of cocaine. Changes in maximal uptake rate following SB-334867 were expressed as V max , and changes in uptake inhibition following cocaine were expressed as K m . DA release and uptake measures were derived from a Michaelis-Menten-based model (Wu et al., 2001) . The effects of SB-334867 on V max were assessed using a t-test comparing V max prior to intra-VTA SB-334867 injection and V max 40 min later, immediately prior to cocaine injection (baseline vs. pre-cocaine). The effects of SB-334867 on DA release and cocaine-induced uptake inhibition (K m ) were assessed using a two-way mixed design anova, with drug (vehicle vs. SB-334867) as the between-subjects variable, and time as the repeated-measures variable. Where appropriate, simple effect analyses were conducted using one-way anovas.
In vitro voltammetry
Baseline levels of DA release and V max , as well as cocaine-induced uptake inhibition (K m ), were derived as described above. The effects and price are extracted from these same data. Consumption is calculated by averaging cocaine intake across three bins (demarcated by dashed oval; see Materials and methods). P max is defined as the point at which maximal responding occurs on the price-response function (filled squares). (C) The mean ± standard error of the mean percentage baseline (BL) consumption of cocaine following i.p. injection of vehicle (n = 9) or SB-334867 (7.5, 15 or 30 mg ⁄ kg; n = 9) on the threshold schedule. (D) Event records from an individual rat that received an i.p. injection of vehicle or 30 mg ⁄ kg SB-334867. Dashed lines denote times in which cocaine doses were reduced (every 10 min; only every other dose is shown, for clarity). Note that the rate of responding increases as the dose of cocaine is lowered throughout the session. (E) Shown are the mean ± standard error of the mean P max values, expressed as a percentage of baseline, following i.p. injections of vehicle or SB-334867. *P < 0.05 and **P < 0.01 relative to vehicle. of genotype (wild type vs. HCRT KO) on baseline levels of stimulated DA release and uptake were assessed using a t-test. The effects of genotype on cocaine-induced uptake inhibition were assessed using a two-way mixed design anova, with genotype (wild type vs. HCRT KO) as the between-subjects variable, and drug concentration as the repeated-measures variable. Simple effect analyses were conducted using one-way anovas. All statistical analyses were conducted using spss (SPSS Inc., Chicago, IL, USA).
Results
DT cocaine self-administration
To examine whether SB-334867 alters responding for 1.5 mg ⁄ kg cocaine under a DT schedule, animals were treated with i.p. vehicle (n = 8) or one of three doses of SB-334867 (7.5, 15 or 30 mg ⁄ kg; n = 8) during a time in which rats show a high probability of responding for cocaine (11:30 h). Responding on the DT schedule was characterized by high rates of cocaine intake during the activity ⁄ dark phase of the light ⁄ dark cycle ( Fig. 1A and C ). Relative to baseline, vehicle did not reduce the total number of cocaine injections taken. In contrast, there was a significant reduction in cocaine intake following SB-334867 treatment (F 4,28 = 5.9, P < 0.001). Analyses over the 6 h following injection showed that all doses of SB-334867 significantly reduced responding for cocaine ( Fig. 1B) .
PR cocaine self-administration
Intraperitoneal experiments
To examine the extent to which SB-334867 reduces the reinforcing efficacy of 0.75 mg ⁄ kg cocaine, rats were treated with i.p. vehicle (n = 6) or SB-334867 (7.5, 15 or 30 mg ⁄ kg; n = 6) 30 min prior to the beginning of the PR session (09:30 h). As shown in Fig. 2A and B , under baseline conditions, rats reached an average breakpoint (number of cocaine injections taken) of 14.8 ± 0.9, which was associated with 539.5 ± 97.7 lever responses. Vehicle injections did not significantly alter breakpoints (13.2 ± 1.2) or the total number of lever responses (401.2 ± 124.4). Similar to what was found previously with 10 mg ⁄ kg i.p. SB-334867 (Borgland et al., 2009 ), SB-334867 produced a significant overall reduction in breakpoints (F 4,20 = 6.0, P < 0.005) and the number of lever responses (F 4,20 = 3.8, P < 0.05). Subsequent analyses demonstrated that all doses of SB-334867 significantly reduced breakpoints ( Fig. 2A;  7 .5 mg ⁄ kg, 12.2 ± 1.5; 15 mg ⁄ kg, 9.8 ± 0.8; 30 mg ⁄ kg, 10.3 ± 0.6). Additionally, the 15 mg ⁄ kg (131.2 ± 31.9) and 30 mg ⁄ kg (159.2 ± 26.9) doses also significantly reduced the total number of lever responses.
Analysis of cumulative records from individual rats tested under the PR schedule indicated that SB-334867 reduced the total number of lever responses without altering the initial pattern of cocaine intake. Rats treated with SB-334867 showed initial response rates identical to those of vehicle-treated rats, but completed fewer responses before reaching their final breakpoint (Fig. 2B) .
Intra-VTA experiments
To assess whether SB-334867 reduces the reinforcing efficacy of 0.75 mg ⁄ kg cocaine via actions in the VTA, rats were treated with either unilateral intra-VTA vehicle (n = 5) or SB-334867 (10 nmol; n = 5), or bilateral intra-VTA vehicle (n = 6) or SB-334867 (10 nmol; n = 6), 30 min prior to the beginning of the PR session (09:30 h). Under baseline conditions, rats reached an average breakpoint of 16.3 ± 0.8, which was associated with 857.2 ± 138.6 lever responses (Fig. 2C ). Unilateral and bilateral injections of vehicle into the VTA (250 nL) did not significantly alter breakpoint number (unilateral, 16.4 ± 1.9; bilateral, 16.5 ± 1.2) or the total number of lever responses (unilateral, 809.0 ± 250.2; bilateral, 764.0 ± 222.5) . As shown in Fig. 2C , as compared with baseline, unilateral injections of SB-334867 did not significantly alter breakpoints (14.5 ± 1.8) or the number of lever responses (496.5 ± 180.4), although a trend for decreases in each of these measures was observed. In contrast, bilateral injections of SB-334867 produced a significant reduction in breakpoints (11.5 ± 1.0, F 2,10 = 12.8, P < 0.01) and the number of lever responses (169.2 ± 50.9, F 2,10 = 4.8, P < 0.05). Similar to what was found with the i.p. SB-334867 studies, cumulative records from individual rats indicated that bilateral intra-VTA injections of SB-334867 reduced the total number of lever responses without altering the initial pattern of cocaine intake. Figure 2D shows a schematic representation of bilateral infusion needle locations within the VTA. Infusions placed outside the VTA (n = 3) had no significant effect on self-administration (breakpoints, 15.3 ± 0.9; lever responses, 565.3 ± 165.1).
FR cocaine self-administration
To examine the extent to which SB-334867 alters responding for unrestricted access to 0.75 mg ⁄ kg cocaine, animals were treated with i.p. vehicle (n = 6) or SB-334867 (30 mg ⁄ kg, n = 6) 30 min prior to the beginning of an FR session (09:30 h). Similar to a previous finding (Aston , no differences in rates of drug responding were observed between groups. Under baseline conditions, the rate of cocaine intake was 8.3 ± 0.8 injections ⁄ h, and neither vehicle (8.9 ± 1.0 injections ⁄ h) nor 30 mg ⁄ kg SB-334867 (8.6 ± 1.0 injections ⁄ h) had any effect on this rate (Fig. 3A) .
Threshold cocaine self-administration
To further assess the extent to which SB-334867 alters the motivation to take cocaine, rats were treated with vehicle (n = 9) or SB-334867 (7.5, 15 or 30 mg ⁄ kg, n = 9) 30 min prior to the beginning of the threshold session (09:30 h). The threshold procedure used in the current experiments provides information on both consumption and price within a single self-administration session (Fig. 3B-E) . Across the 2-h session, doses of cocaine were reduced every 10 min. During the initial portion of the session, when individual lever responses resulted in delivery of relatively high doses of cocaine (1.12-0.2 mg ⁄ kg), rats were able to titrate to a preferred blood level of cocaine with relatively little effort. Similar to what was observed in the FR experiments (Fig. 3A) , in the threshold procedure SB-334867 had no effect on cocaine consumption (Fig. 3B-D) . In contrast, as the dose of cocaine was gradually lowered (0.06-0.0003 mg ⁄ kg cocaine), rats were required to respond more frequently to maintain blood levels of cocaine, thereby increasing the unit price of cocaine. This is illustrated in Fig. 3B , which shows an event record from an individual rat that reached a P max of 133.9. This latter portion of the threshold session is akin to a PR schedule, in which rats must respond increasingly greater numbers of times to obtain the same amount of cocaine ( Fig. 3B and D) . Under baseline conditions, rats reached an average P max (unit price that maintains self-administration) of 284.9 ± 39.2. Relative to baseline, vehicle injections did not significantly alter P max . In contrast, SB-334867 produced a significant overall reduction in P max (F 3,32 = 2.9, P < 0.05). Further analyses indicated that both the 15 and 30 mg ⁄ kg doses of SB-334867 significantly reduced P max (Fig. 3E) .
PR sucrose self-administration
To examine whether SB-334867 alters responding for a natural reinforcer across varying satiety states, food-sated and food-restricted rats were treated with i.p. vehicle (food-sated, n = 7; foodrestricted, n = 8) or 30 mg ⁄ kg SB-334867 (food-sated, n = 7; foodrestricted, n = 8) 30 min prior to the beginning of the PR sucrose self-administration session (09:30 h). Similar to previous findings (Salamone et al., 1991; Aberman & Salamone, 1999; Thorpe et al., 2005; Barbano et al., 2009) , differences in motivational drive observed between food-sated and food-restricted rats resulted in significant differences in baseline responding (breakpoints, t 13 = 3.1, P < 0.01; lever responses, t 13 = 2.9, P < 0.05). Under baseline conditions, food-sated rats reached an average breakpoint (number of pellets taken) of 10.5 ± 0.3, which was associated with 182.2 ± 16.4 lever responses. Conversely, food-restricted rats reached an average breakpoint of 14.0 ± 1.0, which was associated with 427.9 ± 89.2 lever responses. Figure 4 shows that, relative to baseline, vehicle injections did not significantly alter breakpoints or the number of lever responses in either food-sated rats (9.1 ± 0.7; 126.1 ± 22.9) or food-restricted rats (13.0 ± 1.4; 378.6 ± 103.9). By comparison, SB-334867 produced a robust reduction in breakpoints (6.7 ± 0.5, F 2,12 = 9.7, P < 0.01) and the number of lever responses (60.4 ± 11.4, F 2,10 = 13.5, P < 0.01) in food-sated rats. However, in food-restricted rats, SB-334867 had no effect on breakpoints (12.9 ± 1.3), and produced only a modest, non-significant decrease in the number of lever responses (349.8 ± 95.9).
Analysis of cumulative records from individual rats indicated that in food-sated rats, SB-334867 reduced the total number of lever responses for sucrose relatively early in the session. Thus, although these animals showed initial response rates similar to those of vehicletreated rats (first three or four sucrose pellets), they quickly reduced their response rates and completed fewer responses overall (Fig. 4B ). SB-334867 had little effect on the pattern of lever responses in foodrestricted rats (Fig. 4D) .
Microdialysis
Intraperitoneal experiments
The effects of i.p. SB-334867 on tonic DA signaling in the NAc core were assessed using microdialysis. Rats were pretreated with either vehicle (n = 6) or SB-334867 (n = 6) 40 min prior to receiving an i.p. injection of 10 mg ⁄ kg cocaine. Neither vehicle nor SB-334867 had a significant effect on baseline DA levels, although a modest trend for decreased DA was observed following SB-334867 injection (Fig. 5A) . Following cocaine injection, vehicle-treated rats displayed typical increases in DA. In contrast, SB-334867 (30 mg ⁄ kg) produced a marked reduction in cocaine-induced increases in DA (treatment, F 1,10 = 23.5, P < 0.001; time, F 10,100 = 16.2, P < 0.001; treatment · time, F 10,100 = 6.8, P < 0.001).
Intra-VTA experiments
To assess whether SB-334867 attenuates cocaine-induced increases in DA via actions in the VTA, vehicle (n = 6) or SB-334867 (10 nmol; n = 6) was microinjected into the VTA 40 min prior to an i.p. (Swanson, 1998 ). *P < 0.05 and **P < 0.01 relative to vehicle. BL, baseline. Fig. 4 . SB-334867 reduces progressive ratio (PR) sucrose self-administration in food-sated but not food-restricted rats. (A) The mean ± standard error of the mean breakpoints (number of sugar pellets taken), following intraperitoneal (i.p.) injections of vehicle (n = 7) or SB-334867 (30 mg ⁄ kg, n = 7) in foodsated rats. (B) Cumulative PR records from a food-sated rat that received an i.p. injection of vehicle or 30 mg ⁄ kg SB-334867. Sucrose pellet deliveries are indicated by diagonal tick marks. (C) Shown are the mean ± standard error of the mean breakpoints following i.p. injections of vehicle (n = 8) or SB-334867 (30 mg ⁄ kg; n = 8) in food-restricted rats. (D) Cumulative PR records from a food-restricted rat that received an i.p. injection of vehicle or 30 mg ⁄ kg SB-334867. **P < 0.01. injection of 10 mg ⁄ kg cocaine. As shown in Fig. 5B , intra-VTA SB-334867 significantly reduced baseline DA levels and significantly attenuated the effects of cocaine (treatment, F 1,11 = 11.4, P < 0.01; time, F 10,100 = 38.7, P < 0.001; treatment · time, F 10,110 = 2.4, P < 0.05). Figure 5C shows a schematic representation of a subset of microdialysis probe locations in the NAc core for the i.p. and intra-VTA studies. Figure 5D shows a schematic representation of infusion needle locations within the VTA. Infusions placed outside the VTA (n = 3) did not attenuate cocaine-induced changes in DA levels.
Voltammetry
In vivo experiments
The effects of intra-VTA SB-334867 on phasic DA signaling were examined using in vivo voltammetry. Rats received SB-334867 (n = 6) or vehicle (n = 6) directly into the VTA 40 min prior to receiving a single i.v. injection of 1.5 mg ⁄ kg cocaine. As shown in Fig. 6 , prior to pharmacological manipulations, electrically evoked DA responses were stable, and remained at baseline levels following vehicle infusions (250 nL) into the VTA. SB-334867 (10 nmol) alone had no effect on V max or K m . In contrast, within 10 min of administration, SB-334867 produced a modest, yet significant, reduction in stimulated DA release (64-74% of control; F 10,50 = 4.9, P < 0.001; Fig. 6A and D) .
SB-334867 also attenuated the effects of i.v. cocaine on stimulated DA release (treatment, F 1,9 = 6.1, P < 0.05; time, F 23,207 = 37.8, P < 0.001; treatment · time, F 23,207 = 8.7, P < 0.001). Following vehicle pretreatment, 1.5 mg ⁄ kg i.v. cocaine increased DA levels to 294 ± 20% within 5 min of injection ( Fig. 6A and C) . In contrast, following SB-334867, cocaine increased levels to only 236 ± 36% during this time frame. This effect of SB-334867 was first observed at the 30-s time point, but was not statistically significant until 5 min after cocaine injection ( Fig. 6A and D) .
A similar effect of SB-334867 was also observed on cocaineinduced inhibition of DA uptake (K m ; treatment, F 1,9 = 17.6, P < 0.005; time, F 23,207 = 26.9, P < 0.001; treatment · time, F 23,207 = 4.5, P < 0.001). Prior to cocaine administration, neither vehicle nor SB-334867 infusions into the VTA had any effect on DA uptake (Fig. 6B ). Although i.v. cocaine inhibited DA uptake in animals pretreated with either vehicle or SB-334867, the magnitude of inhibition was significantly attenuated in animals treated with 670.7 ± 85.2%; 372 .2 ± 88.5%; Fig. 6B-D) . Figure 6E and F shows schematic representations of carbon fiber microelectrode tip locations in the NAc core and infusion needle locations in the VTA, respectively.
In vitro experiments
To further assess whether the HCRT system influences baseline and cocaine-induced phasic DA signaling, in vitro voltammetry was conducted in brain slices containing the NAc core of WT (n = 7) and HCRT KO (n = 7) mice. Under baseline conditions, HCRT KO mice displayed reduced stimulated DA release (t 12 = 1.9, P < 0.05) and slower DA uptake (V max ; t 12 = 3.5, P < 0.01) relative to WT mice ( Fig. 7A and B) . As shown in Fig. 7C , cocaine increased DA uptake inhibition (K m ) in both WT and HCRT KO mice. However, the effects of cocaine were attenuated in HCRT KO mice (genotype, F 1,11 = 14.4, P < 0.01; concentration, F 5,55 = 46.9, P < 0.001; genotype · concentration, F 5,55 = 7.4, P < 0.001). 
Discussion
The current observations indicate that blockade of HCRT signaling reduces the motivation to self-administer cocaine under conditions that require effortful responding or in which access to cocaine is limited. Additionally, disruptions in HCRT signaling reduce baseline and cocaine-induced DA responses within the NAc core. Importantly, the effects of SB-334867 were similar when it was administered systemically or into the VTA, suggesting that HCRT participates in reinforcement processes and that these actions involve modulation of the mesolimbic DA system. Finally, the current studies also demonstrate that SB-334867 reduces sucrose intake in food-sated but not food-restricted rats.
Cocaine self-administration
In the current studies, rats were tested across a battery of selfadministration schedules to model multiple aspects of reinforcement processing. Under the FR schedule, which is useful for assessing changes in cocaine consumption, rats had unrestricted access to cocaine during daily 3-h sessions, and thus were able to titrate cocaine intake to preferred blood levels with little effort. Similar to a previous finding (Aston , SB-334867 had no effect on cocaine intake under this schedule, suggesting that HCRT may not be a critical factor in supporting cocaine self-administration when conditions allow for nearly effortless access to cocaine.
In contrast to what was found in the FR studies, SB-334867 reduced cocaine intake when access was restricted using a DT procedure. The DT schedule used here prevents rats from maximizing their blood levels of cocaine by restricting cocaine access to three trials per hour, and engenders a characteristic pattern of intake in which animals are disinclined to self-administer cocaine during the light phase (Roberts et al., 2002) . The complex interaction between dose and availability occurring during the current DT paradigm renders this schedule more vulnerable to pharmacological and physiological influences than schedules with less restricted access to cocaine. Thus, under these conditions, SB-334867 reduced cocaine intake in a manner similar to other drugs that selectively reduce intake under DT conditions, but not under an FR schedule (Brebner et al., 2000; Smith et al., 2004) .
The PR schedule is useful for assessing changes in the motivational influences of drugs. During the early portions of the PR session, single cocaine injections are obtained with relatively low effort. In contrast, as the lever response requirement is increased, rats must exert progressively greater effort to obtain the same cocaine injection. Under these conditions, both i.p. and bilateral intra-VTA SB-334867 injections reduced breakpoints without altering the initial pattern of behavior. These effects are similar to recent findings showing that a 10 mg ⁄ kg i.p. dose of SB-334867 reduces PR responding for cocaine (Borgland et al., 2009) .
The threshold self-administration procedure used here provides information on both consumption and price within a single session. Lever responses during the early portion of the session resulted in high doses of cocaine, and consequently rats could readily titrate to preferred blood levels, similar to an FR schedule. It is not surprising, therefore, that SB-334867 had no effect on cocaine intake under these conditions. In contrast, as the dose of cocaine was lowered throughout the session, rats were required to respond more frequently to maintain blood levels of cocaine. This is akin to a PR schedule in which increasingly greater numbers of responses are required to obtain the same amount of drug. At this higher cocaine price, SB-334867 decreased responding earlier in the session, at threshold doses that were sufficient to maintain selfadministration in vehicle-treated rats (P max ).
Combined, these results indicate that HCRT neurotransmission is necessary to support cocaine self-administration under conditions with high-effort requirements or in which titrating to preferred blood levels of cocaine is restricted. Furthermore, given that intra-VTA SB-334867 and i.p. SB-334867 reduced cocaine intake to a similar extent, it is likely that HCRT influences cocaine reinforcement, via actions within the VTA.
Dopamine signaling
The attenuation of cocaine self-administration may be attributable to reduced DA signaling within the NAc core. Microdialysis experiments show that intra-VTA, and to a certain extent peripheral SB-334867, reduced tonic DA levels in the NAc core prior to cocaine administration. Furthermore, both i.p. and intra-VTA SB-334867 significantly reduced DA responses to cocaine. These observations are consistent with previous work demonstrating that HCRT-1 increases DA levels in the NAc (Narita et al., 2006) , although other studies did not find HCRT-1 effects in the NAc core (Vittoz & Berridge, 2006) .
In vivo voltammetry studies indicated similar alterations in DA signaling to those observed with microdialysis. In these studies, intra-VTA SB-334867 significantly reduced electrically evoked DA release in the NAc core prior to cocaine administration. Additionally, SB-334867 attenuated the effects of cocaine on both DA release and uptake inhibition. In vitro voltammetry experiments also demonstrated that HCRT KO mice had reduced DA release and slower uptake under baseline conditions, and attenuated cocaine-induced DA uptake inhibition. Combined, the in vivo and in vitro voltammetry observations suggest that HCRT reduces DA responses to cocaine, in part, by attenuating cocaine-induced DA uptake inhibition.
The effects of disrupted HCRT neurotransmission on DA signaling and cocaine effects are likely due to decreased DA neuron activity in the VTA, through direct effects on either DA neurons or GABA interneurons. This hypothesis is strengthened by work indicating that HCRT neurotransmission regulates excitatory synaptic transmission in DA neurons (Borgland et al., 2006) , and potentiates glutamatergic synaptic transmission in brain slices from animals with a history of cocaine self-administration (Borgland et al., 2009 ). Furthermore, recent observations indicate that, in addition to blocking DA reuptake, cocaine also increases the incidence of DA release events in the NAc shell (Aragona et al., 2008) and stimulates glutamate release in the VTA of cocaine-experienced rats (Wise et al., 2008) . Thus, it is possible that reduced effects of cocaine in HCRT KO mice or rats treated with SB-334867 could be related to attenuation of cocaine enhancement of DA signaling at the VTA. Additionally, it is possible that reduced DA neuronal activity in HCRT KO mice, or following SB-334867 treatment, could result in changes in DA terminals in the NAc (e.g. via phosphorylation or glycosylation of the DA transporter), leading to altered transporter function that ultimately reduces cocaine's effectiveness (Li et al., 2004; Foster et al., 2008; Mortensen et al., 2008) .
The microdialysis and voltammetry observations presented here indicate that both acute and chronic disruption in HCRT neurotransmission result in altered DA signaling and reduced DA responses to cocaine. These data concur with previous studies indicating that SB-334867 reduces CPP for morphine and attenuates morphine withdrawal, and that HCRT KO mice display decreased DA responses to morphine in the NAc (Georgescu et al., 2003; Narita et al., 2006) . When combined with the current cocaine self-administration findings, these observations provide substantial support for the hypothesis that HCRT neurotransmission is necessary for normal DA signaling and for cocaine self-administration behavior, and that these effects may involve actions within the VTA.
Sucrose self-administration
To examine the effects of SB-334867 on responding for a natural reward under varying satiety conditions, PR sucrose self-administration in food-sated and food-restricted rats was performed. In these studies, SB-334867 significantly reduced breakpoints in food-sated rats, but had no effect in food-restricted rats. Previous studies indicate that an animal's satiety state can dictate their motivation to work for food and their sensitivity to self-administration manipulations that reduce responding [e.g. increasing ratio requirements (Salamone et al., 1991; Aberman & Salamone, 1999; Thorpe et al., 2005; Barbano et al., 2009) ]. In the current studies, food-sated rats showed significantly lower motivation to work for sucrose than did food-restricted rats, and these animals were more sensitive to the effects of SB-334867. Although the current observations may appear to conflict with previous observations (Thorpe et al., 2005; Lawrence et al., 2006; Hollander et al., 2008; Nair et al., 2008; Borgland et al., 2009) , this is the first study to test the effects of SB-334867 across different satiety states, making direct comparisons with previous work difficult.
It is possible that the differential effects of SB-334867 observed between food-sated and food-restricted rats could be related to variations in the responsivity of DA systems between these two groups of rats. Indeed, previous reports have indicated that food-restricted rats display a variety of alterations in DA function, including increased tyrosine hydroxylase activity (Pan et al., 2006) , enhanced DA uptake (Zhen et al., 2006) , and reduced basal levels of DA in the NAc (Pothos et al., 1995) . Furthermore, food-restricted rats also display enhanced NAc DA responses to food (Wilson et al., 1995) , cocaine and amphetamine (Pothos et al., 1995; Rouge-Pont et al., 1995; Cadoni et al., 2003) . Thus, the same adaptations in DA signaling that render food-restricted rats more sensitive to the rewarding properties of food or psychostimulants may underlie their insensitivity to SB-334867 effects on the motivation to work for sucrose.
The differential effects of SB-334867 on food-sated, but not foodrestricted, rats suggest that disrupted HCRT neurotransmission may not affect food intake when animals are motivated by nutritional factors. This is consistent with a recent report indicating that in foodrestricted rats, SB-334867 reduces high-fat food intake, while regular food consumption is preserved (Borgland et al., 2009) . Given that an ideal pharmacotherapy for cocaine addiction would not only reduce the motivation to take cocaine, but also preserve the ability of the animal to meet nutritional requirements, the current findings suggest that the HCRT system may be a promising target for intervention.
HCRT and arousal
Extensive evidence indicates that HCRT regulates arousal-related processes, including sleep-wake function and locomotor activity (Hagan et al., 1999; Bourgin et al., 2000; Piper et al., 2000; España et al., 2001 España et al., , 2002 . Consequently, it is possible that SB-334867 reduces self-administration via generalized disruptions in arousal rather than through actions on reinforcement mechanisms. However, in the FR studies and in the early portions of the PR and threshold experiments, conditions in which maintaining preferred blood levels of cocaine requires relatively low effort, SB-334867 had no effect on the rate of cocaine responding. Under these conditions, SB-334867treated rats showed normal levels of responding for cocaine, suggesting that rats were not sedated and were entirely capable of responding on levers. Furthermore, in food-restricted rats, SB-334867 did not reduce sucrose self-administration, indicating that highly motivated rats also had the capacity to respond on levers. Taken together, the results showing that SB-334867 decreases cocaine intake on the DT, PR and threshold schedules, but does not affect the responding under an FR or sucrose-reinforced PR schedule in foodrestricted rats, suggest that the pharmacological effects of SB-334867 cannot be readily explained by generalized SB-334867 effects on sedation or motor activity. This interpretation is consistent with previous reports indicating that SB-334867 does not elicit sleep and does not alter responding for other natural rewards (Lawrence et al., 2006; Deng et al., 2007; Rasmussen et al., 2007; Hollander et al., 2008; Dugovic et al., 2009 ).
Conclusions
The current studies demonstrate that blockade of HCRT receptors reduces cocaine intake across a variety of self-administration protocols and reduces sucrose intake in food-sated but not food-restricted rats. Disrupted HCRT signaling also reduces baseline and cocaine-induced DA responses within the NAc core. These studies suggest that HCRT is critically involved in cocaine self-administration behavior through actions on the VTA-mesolimbic DA system.
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